Background. The novel entity of "diffuse midline glioma, H3 K27M-mutant" has been defined in the 2016 revision of the World Health Organization (WHO) classification of tumors of the central nervous system (CNS). Tumors of this entity arise in CNS midline structures of predominantly pediatric patients and are associated with an overall dismal prognosis. They are defined by K27M mutations in H3F3A or HIST1H3B/C, encoding for histone 3 variants H3.3 and H3.1, respectively, which are considered hallmark events driving gliomagenesis. Methods. Here, we characterized 85 centrally reviewed diffuse gliomas on midline locations enrolled in the nationwide pediatric German HIT-HGG registry regarding tumor site, histone 3 mutational status, WHO grade, age, sex, and extent of tumor resection. Results. We found 56 H3.3 K27M-mutant tumors (66%), 6 H3.1 K27M-mutant tumors (7%), and 23 H3-wildtype tumors (27%). H3 K27M-mutant gliomas shared an aggressive clinical course independent of their anatomic location. Multivariate regression analysis confirmed the significant impact of the H3 K27M mutation as the only independent parameter predictive of overall survival (P = 0.009). In H3 K27M-mutant tumors, neither anatomic midline location nor histopathological grading nor extent of tumor resection had an influence on survival. Conclusion. These results substantiate the clinical significance of considering diffuse midline glioma, H3 K27M-mutant, as a distinct entity corresponding to WHO grade IV, carrying a universally fatal prognosis.
The extensive molecular characterization of brain tumors over recent years has revolutionized our current understanding of the underlying biology in many of these tumor entities. 1 In the recent revision of the World Health Organization (WHO) classification of tumors of the CNS, the principle of an integrated diagnosis was introduced with the combination of histological and molecular features, exemplified in the novel entity "diffuse midline glioma, H3 K27M-mutant. " 2 This tumor entity is described as "an infiltrative midline high-grade glioma with predominantly astrocytic differentiation and a K27M mutation in either H3F3A or HIST1H3B/C, " typically affecting children and young adults. 3 Tumors mainly arise within thalamic, pontine, and spinal localization, all of those representing challenging sites for surgical treatment.
K27M mutations in H3F3A or HIST1H3B/C, encoding for histone 3 variants H3.3 and H3.1, respectively, lead to the amino acid substitution of lysine for methionine in position 27 of the histone H3 tail and a subsequent loss of trimethylation at H3 lysine 27 by inhibition of the Polycomb repressive complex 2. 4, 5 The resulting alterations in gene expression patterns have been suggested to impede physiological differentiation and to drive gliomagenesis. 4, 6, 7 Because of its overall adverse prognosis, H3 K27M-mutant diffuse midline glioma is defined to correspond to WHO grade IV, even if tumor histology does not fulfill all defining criteria of a high-grade glioma (HGG), such as high mitotic activity, microvascular proliferation, and/ or necrosis. Recent reports investigating thalamic tumors and/or diffuse intrinsic pontine gliomas (DIPGs) have suggested a prognostic impact of H3 K27 mutational status. [8] [9] [10] [11] [12] While statistical analyses in DIPG are often limited by the lack of a significant proportion of H3 K27-wildtype tumors, relevant patient numbers with well-annotated clinical data are often missing for H3 K27M-mutant thalamic and spinal pediatric HGG.
Here, we retrospectively identified 85 pediatric diffuse midline gliomas from the HIT-HGG database of the Society of Pediatric Oncology and Hematology (Gesellschaft für Pädiatrische Onkologie und Hämatologie [GPOH]), from which comprehensive clinical, pathological, and radiological data from 5 consecutive clinical trials in pediatric HGG/DIPG are available. The presented results from analyzing this series for H3 K27 mutational status, anatomic tumor location, age, sex, and extent of tumor resection underline the importance of considering H3 K27M-mutant diffuse midline gliomas a distinct biological tumor entity.
Patients and Methods

Patients' Characteristics and Inclusion/Exclusion Criteria
Patient data were obtained from the HIT-HGG database of the GPOH in Germany, Austria, and Switzerland. The HIT-HGG database contains clinical data of patients enrolled in the various HIT-GBM trials [13] [14] [15] [16] and the ongoing HIT-HGG-2007 trial (Eudra-CT 2007-010128-42, ISRCTN19852453). Very young children <3 years of age predominantly treated according to the HIT-SKK regimen 17 were also prospectively registered as observational patients within the different trials. All studies were reviewed by the institutional review boards of all participating oncological centers and informed consent for data storage and statistical analyses was given by all patients and/or their parents at the time of enrollment in the various trials in accordance with the Declaration of Helsinki.
For the present study, the following inclusion criteria were defined: (A) Central neuropathological re-review (T.P., G.H.G., the German Brain Tumor Reference Center, Department of Neuropathology, Bonn, Germany) of a histopathological diagnosis of a diffuse midline glioma as defined by WHO classification, 2 showing features either of a diffuse midline glioma, H3 K27M-mutant, WHO grade IV (DMGIV), a midline glioblastoma WHO grade IV (GBMIV), or a midline anaplastic astrocytoma WHO grade III (AAIII). In DIPG, grade II gliomas were also included. (B) Central neuroradiological review (M.W-M., B.B., Department of Neuroradiology, Wuerzburg, Germany) in tumors affecting the pons. In these tumors, a DIPG was defined by tumor infiltration of the pons by more than 50% of the total diameter in a patient with "classical" brainstem symptoms (eg, cranial nerve deficit or long tract signs, ataxia, a combination of any two). 
Treatment Protocols
In each of the various clinical trials, best feasible tumor resection was recommended before starting chemo-and/
Importance of the study
The 2016 revision of the WHO classification of tumors of the CNS introduces "diffuse midline glioma, H3 K27M-mutant" as a novel entity defined by K27M mutations in the histone genes H3F3A and HIST1H3B/C and corresponding to WHO grade IV, independent of histological signs of anaplasia. Previous reports have suggested a prognostic impact of H3 K27 mutational status for thalamic tumors and/or diffuse intrinsic pontine gliomas revealing a particularly dismal prognosis. In the present study, we demonstrate that H3 K27M-mutant gliomas share an invariably fatal clinical course independent of anatomic midline location, histopathological grading, and extent of tumor resection by investigation of 85 diffuse midline gliomas enrolled in the nationwide pediatric German HIT-HGG registry with comprehensive clinical, pathological, and radiological data from 5 consecutive clinical trials.
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or radiotherapy. The extent of tumor resection was determined on the basis of early postsurgical imaging and/ or the neurosurgical report. Gross total tumor resection was defined as 100% macroscopic removal of the tumor mass. Subtotal tumor resection was defined as removal of 90%-99% of the tumor mass, partial tumor resection as 50%-89% resection. Removal of <50% of tumor mass was defined as non-debulking tumor resection including tumor biopsies. Pediatric patients ≥3 years of age were enrolled in the various HIT-GBM/HIT-HGG trials, including standard fractionated radiotherapy and adjuvant chemotherapy as described previously. 18 Children younger than 3 years were primarily treated with surgery and chemotherapy alone following the HIT-SKK treatment recommendation for infant patients with brain tumors except for intrathecal chemotherapy, which was usually omitted. 17 
Neuropathological Evaluation
Routine neuropathological evaluation of the formalinfixed/paraffin-embedded pediatric HGG tumor samples included hematoxylin and eosin and reticulin fiber staining as well as immunohistochemical analysis performed on a Ventana Benchmark XT Immunostainer (Roche) with antibodies against glial fibrillary acidic protein (Dako), microtubule-associated protein 2 (Sigma), p53 protein (Dako), alpha thalassemia/mental retardation syndrome X-linked protein (ATRX; Sigma), and Ki67 (Mib-1; Dako). In addition, histone 3 K27 mutational status was determined by immunohistochemistry with antibodies against mutant H3 K27M (Millipore) and trimethylated H3 K27 (Cell Signaling), and/or by pyrosequencing of position K27 of H3F3A and HIST1H3B, respectively. 19 Nuclear accumulation of p53 protein was determined semiquantitatively, and a strong positive staining in more than 10% of tumor cell nuclei was considered significantly accumulated and suggestive for an underlying TP53 missense mutation. 20 
Statistical Analysis
Statistical analysis was retrospectively performed using IBM SPSS Statistics v23.
Tumors were defined by histone H3 phenotype including H3.3/H3.1 K27-wildtype, H3.3 K27M mutation, and H3.1 K27M mutation. The anatomic subgroups "DIPG, " "thalamic region" (including thalamic and basal ganglia HGG), "spinal cord, " and "other midline HGG" (including tumors arising from the medulla, tegmentum, and tectum, as well as pontine HGG that did not meet the criteria of a DIPG by central neuroradiological review) were defined by typical anatomic landmarks.
Subgroups were compared for children ≥3 years of age at diagnosis by the following parameters: age at diagnosis (y); sex (male/female); duration of symptoms before diagnosis (mo), and metastases during course of the disease (yes/ no). Histopathological criteria were WHO grading (II, III, and IV), ATRX loss of expression, and nuclear accumulation of p53 protein. Therapeutic procedures were defined as extent of resection (gross total = 100%, subtotal = 90%-99%, partial = 50%-89%, non-debulking/biopsy ≤50% resection of initial tumor volume), application of radiotherapy (yes/no), and chemotherapy (yes/no).
A 2-sided chi-square test was performed to determine significant differences between subgroups regarding sex, metastases, genetic aberrations, WHO grading, ATRX loss, and the application of radiotherapy and chemotherapy, as well as the extent of resection. Differences in age distribution and duration of symptoms were evaluated by the Mann-Whitney U-test. The prognostic significance for overall survival (OS) was analyzed for "tumor site, " "WHO grading, " "sex, " "H3 K27 phenotype, " "tumor resection, " and "very young age (<3 years of age)" as defined above by univariate Kaplan-Meier analysis and log-rank testing, as well as multivariate Cox regression analysis.
For all statistical analyses, P < 0.05 was considered statistically significant.
Results
Patients
Eighty-five pediatric diffuse gliomas located in the midline with available H3 K27 mutation status and subsequent central neuropathological re-review were identified as diffuse midline gliomas. Eight children <3 years of age were studied separately due to their different treatment and supposedly better survival. The remaining 77 non-infant diffuse midline gliomas included 56 H3.3 K27M-mutant tumors (73%), 5 H3.1 K27M-mutant tumors (6%), and 16 H3 K27-wildtype tumors (21%). Details regarding clinical data, tumor characteristics, and patient survival are given in Table 1 and Supplementary Table S1 . The H3 K27M-mutant diffuse midline gliomas (DMGIV) included 26 DIPGs with classical radiological features confirmed by central neuroradiological review. The remaining nonpontine DMGIV were located within the thalamus (n = 24), spinal cord (n = 6), and other midline (brainstem) structures (n = 5) (Fig. 1) . The mean age at diagnosis in H3 K27M-mutant DMGIV was 10.2 ± 3.8 years and comparable to H3 K27-wildtype diffuse midline glioma (11.4 ± 4.4 y). Age varied observably, albeit not significantly by tumor site. Mean age at diagnosis was 9.1 ± 4.0 years in DIPG, 11.2 ± 3.8 years in thalamic, 11.9 ± 1.7 years in spinal, and 9.2 ± 3.2 years in other midline DMGIV (differences not statistically significant; Supplementary Figure S1 ). H3 K27M-mutant and wildtype tumors also presented with a similarly short mean history of 2.0 ± 2.6 months and 2.3 ± 2.3 months, respectively, and with equal sex distribution. All H3 K27-wildtype tumors presented with localized disease, whereas initial metastases were detected in 4 of 61 patients (6.6%) with K27M-mutant midline gliomas (not significant). Metastasis during the course of the disease occurred in 3 of 20 patients with H3 wildtype glioma compared with 15 of 58 H3 K27M-mutant tumors (not significant).
There was no difference in sex or duration of symptoms between patients with H3.3 K27M-mutant and H3.1 K27M-mutant tumors. Two H3.1 K27M-mutant gliomas occurred outside the pons in thalamic regions. Patients with H3.1 K27M-mutant tumors were significantly younger than those with H3.3 K27M-mutant tumors (5.9 ± 4.1 y vs 10.6 ± 3.5 y, respectively; P = 0.007).
Our series also included 8 very young (<3 y) children with diffuse midline gliomas. Their tumors included 2 DIPGs, 2 brainstem HGGs other than DIPG, and 4 spinal HGGs. All but 1 DIPG carrying an H3.1 K27M mutation were wildtype for H3 K27 (Supplementary Table S1 ).
Tumor Samples
Loss of nuclear expression of ATRX could be observed in 8 of 61 (13.1%) evaluable tumors, while 53/61 (86.9%) showed a retained ATRX expression in the tumor cell nuclei. No ATRX loss was found in 17 evaluable H3 K27-wildtype tumors, while 8 of 46 (17.4%) H3 K27M-mutant tumors lost nuclear ATRX expression, among them 1 of 6 (16.7%) H3.1 K27M-mutant tumors (not significant).
H3 K27M mutations were detected in 56 diffuse midline gliomas in H3F3A and in 6 gliomas in HIST1H3B (including 1 HGG from a patient <3 y of age). K27M-mutant gliomas were classified according to the fourth edition of the WHO classification of tumors of the CNS 2007 2 by central neuropathological review as glioblastoma grade IV (n = 29; 47%), anaplastic astrocytoma grade III (n = 25; 40%), diffuse astrocytoma grade II (n = 4; 6%), anaplastic ganglioglioma grade III (n = 1), and diffuse astrocytomas without further grading (n = 3) due to small sample size. Tumor entities and histopathological grading did not differ significantly compared with their H3 K27-wildtype counterparts. Nuclear p53 accumulation was found in 62% of H3 K27M-mutant cases (31/50), but only in 31% (4/13) of H3 K27-wildtype tumors (P = 0.044). Accumulation of p53 did not differ significantly between tumors harboring either the H3.3 or the H3.1 K27M mutation.
Treatment
Treatment characteristics were similar between patients aged ≥3 years with H3 K27-wildtype and H3 K27M-mutant tumors. Most patients with H3 K27M-mutant gliomas underwent partial resection (n = 23) or non-debulking resection/biopsy (n = 30). Extent of resection did not differ significantly in H3-mutant and -wildtype tumors. In H3-mutant glioma, gross total or subtotal tumor resection was achieved in 7 patients. In H3 K27-wildtype gliomas, gross total resection or subtotal resection was achieved in 4/16 patients. Radiation was administered in 55/60 patients with H3 K27M-mutant tumors (92%) and in all 14 patients with H3 K27-wildtype gliomas (not significant). Chemotherapy was administered in 54/60 patients with H3 K27M-mutant tumors, comparable to the cohort with wildtype counterparts (15/15; not significant). Mean age, y ±SD 9.7 ± 5.0 11.2 ± 3.8 n.s. 11.9* 9.1 ± 4.0 n.s. 13.5 ± 4.0 11.9 ± 1.7 n.s. 13.5 ± 0.6 9.2 ± 3.2 n.s.
Mean duration of symptoms, mo ±SD 
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Survival
For patients aged ≥3 years at diagnosis, median OS with H3 K27M-mutant midline glioma was 1.04 years (± 0.09 SE) compared with 6.1 years (± 2.0 SE) with H3 K27-wildtype tumors (P < 0.001; Fig. 2A ). Survival for patients with H3 K27M-mutant tumors was still worse when restricting H3 K27-wildtype tumors to glioblastoma WHO grade IV (P < 0.001; Fig. 2B ). Only 4/56 patients with H3.3 K27M-mutant gliomas and 1/5 patients with H3.1 K27M-mutant gliomas survived beyond 2 years after diagnosis. The poor impact on survival in H3 K27M-mutant glioma was also prevalent in thalamic and spinal gliomas compared with their wildtype counterparts (P = 0.002 and P = 0.005, respectively; Supplementary Figure  S2 ), while H3 mutational status did not significantly affect survival in DIPG and gliomas from "other midline sites, " supposedly due to the small number of H3 K27-wildtype tumors in these locations (Table 1) . However, survival with H3 K27M-mutant glioma was associated with an equally poor survival in all anatomic locations (Fig. 3) . In our cohort, survival with H3.1 and H3.3 K27M mutation was comparable (median OS, 0.72 ± 0.18 y in H3.1 K27M DMGIV vs 1.1 ± 0.09 y in H3.3 K27M DMGIV; Supplementary Figure S3) . Neuropathological tumor grading (eg, WHO grades III and IV) had no significant impact on survival in H3 K27M-mutant gliomas (Fig. 4) for the total cohort, nor did WHO grading affect survival when H3 K27M-mutant gliomas were restricted to the respective anatomic sites.
Risk Factors of Survival
Survival was not affected by extent of tumor resection in the entire cohort (Fig. 5A ). In contrast, there was a trend toward improved survival in H3 K27-wildtype midline gliomas with extended resection >90% (Fig. 5B) . Age <3 years was a significant predictor of prolonged survival across the entire cohort of diffuse midline glioma (P = 0.005; Supplementary Figure S4A) , as well as in a subset of H3 K27M-mutant glioma. However, the latter result is based on a single patient <3 years of age affected by an H3.1 K27M-mutant tumor, which notably also harbored a BRAF V600E mutation (Supplementary Figure S5) . When restricted to H3 K27-wildtype patients, survival in infants appeared similar to that in older patients (Supplementary Figure S4B) . Multivariate analysis confirmed H3 K27M mutations as the only independent predictive parameter of OS (P = 0.009).
Discussion
Recent molecular studies have revolutionized our understanding of pediatric HGG, resulting in a new entity of "diffuse midline glioma, H3 K27M-mutant. " 3 Since the discovery of histone 3 mutations in 2012, 21, 22 a limited number of histopathological tumor entities have been identified to carry H3 K27M mutations. [23] [24] [25] [26] [27] However, potentially reflecting a distinct cell of origin, 28 these tumors seem to exclusively evolve within midline structures of the CNS, with the highest prevalence in the pons. 8 As expected, the biological behavior in our cohort of H3 K27M-mutant gliomas was dismal. 10, 29, 30 In DIPG, H3 K27M mutations have been shown to be associated with worse survival compared with H3 K27-wildtype tumors. 8 , 31 We also demonstrate the prognostic significance of H3 K27M mutations in pediatric spinal and thalamic tumors, substantiating an insignificant trend observed in adult thalamic HGG. Prognosis was equally dismal in H3 K27M-mutant gliomas from all midline locations, while histology-based tumor grading did not have any prognostic impact on survival. Our findings corroborate the prognostic impact of H3 
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K27M mutations in diffuse midline gliomas and justify the definition of this entity as WHO grade IV tumors independent of histological grading.
The extent of tumor resection has been established as a strong predictor of survival in pediatric HGG. 32 We could not substantiate this dogma in our cohort of H3 K27M-mutant gliomas, while Ryall and coworkers found extent of resection to be predictive of OS in thalamic glioma. Partly, this difference might be explained by the inclusion of a relevant number of low-grade gliomas that may account for a significant number of totally resected tumors. 10 Further investigation is urgently warranted to substantiate or disprove our experience, but giving credit to the hypothesis that in DMGIV the clinical behavior may more closely follow molecular rather than known features of H3 wildtype pediatric HGG, future attempts for an extended tumor resection with a high risk of surgery-related morbidity should potentially be kept more restrictively in DMGIV than in other pediatric HGG.
Survival of both supratentorial HGG and DIPG patients is more favorable in very young children, 33, 34 substantiated in our cohort of diffuse midline glioma. However, there was no significant difference in survival between the 2 age groups when restricting our analysis to H3 K27-wildtype tumors, supporting the hypothesis that superior survival in infants with diffuse midline gliomas may be due to the sparsity of H3 K27M mutations in that age group. 8, 19 One infant DIPG classified as anaplastic astrocytoma WHO grade III harbored an H3.1 K27M mutation but was alive at the last follow-up 9 years from diagnosis (neuroradiological imaging in Supplementary Figure S6 ). This tumor also harbored an additional BRAF V600E mutation, therefore being part of an emerging group of H3 K27M/BRAF V600E double mutant gliomas, which suggests biological overlap between histologically defined low-and high-grade gliomas and may be associated with longer-term survival irrespective of high-grade histology. 23, 24, [35] [36] [37] The results obtained from immunohistochemical analysis of ATRX expression are very close to previously reported data (eg, in the 2016 revised edition of the WHO classification, 15% of diffuse midline glioma, H3 K27M-mutant are stated with ATRX loss). 3 Interestingly, no ATRX loss was found in 17 evaluable H3 K27-wildtype tumors, maybe due to the relatively small number of patients. However, in non-midline, H3 K27-wildtype infant HGG previously published, 19 17 .1% of the tumors showed loss of ATRX expression, again in the same frequency shown here for H3 K27M-mutant tumors. Also in the cohort reported here, there is no evidence for a significant statistical correlation between histone mutational status and loss of nuclear ATRX expression.
The results of the present study extend our current knowledge about the phenotypic spectrum of diffuse midline gliomas in children. The prevalence of H3.3 K27M mutations was highest in tumor in the pons, followed by thalamus and spine, in line with previous series. 26, 38 A minority of tumors harbored H3.1 K27M mutations as reported previously 8, 12 but were not restricted to the pons in our series, 1, 12 underlining earlier observed clinical similarities between thalamic HGG and DIPG in children. 39 Nuclear accumulation of p53 was prevalent in the majority of H3 K27M-mutant midline gliomas, with either H3.3 or H3.1 mutations, 3, 38 and less frequent in H3 wildtype glioma. 19 These findings are in line with previously reported data 40 supporting the observation that alterations of the p53 pathway are more common in H3 K27M-mutant gliomas than in their H3 K27-wildtype counterparts. In conclusion, K27M-mutant diffuse midline gliomas resemble their H3 K27-wildtype counterparts regarding epidemiologic features but are associated with a significantly worse survival across all midline tumor locations. As extended tumor resection does not seem to provide a prognostic benefit, substantial basic research and development of sustainable therapeutic concepts are urgently needed.
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